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The CD8"-T-cell response to infection with Listeria monocytogenes consists of expansion, contraction, and
memory phases. The transition between expansion and contraction is reported to occur on different days
postinfection with virulent (8 to 9 days) and attenuated (AactA) (7 days) L. monocytogenes strains. We hypothesized
that differences in the infectious courses, and therefore antigen (Ag) display, determine the precise time of the
expansion/contraction transition in response to these infections. To test this, we infected BALB/c mice with 0.1
50% lethal dose of AactA or virulent L. monocytogenes and measured bacterial numbers, Ag display, and
Ag-specific CD8"-T-cell responses on various days after infection. We found that bacterial numbers and Ag
display peaked between 12 and 36 h and between 36 and 60 h after infection with Aact4 and virulent L.
monocytogenes strains, respectively. Infection with Aactd L. monocytogenes resulted in a sharp peak in the
Ag-specific CD8™-T-cell response on day 7, while infection with virulent L. monocytogenes yielded a prolonged
peak with equivalent numbers of Ag-specific CD8™ T cells on days 6, 7, and 8 after infection. Truncating
virulent infection with antibiotics on day 1 or 2 after infection resulted in a shift in the expansion/contraction
transition from day 8 to day 7 after infection. However, antibiotic treatment beginning on day 3, after the peak
of virulent L. monocytogenes infection and Ag display, had no effect upon the magnitude or timing of the
CD8*-T-cell response. These results demonstrate a direct relationship between the course of infection and Ag

display and that the timing of these events is important in shaping the T-cell response to infection.

The CD8"-T-cell response to bacterial and viral pathogens
is important in clearing infections and establishing long-term
immunity. In order to initiate a CD8"-T-cell response after
acute infection, dendritic cells (DC) must process and present
pathogen-derived antigen (Ag) in the context of major histo-
compatibility complex class I and costimulatory molecules to
naive CD8™" T cells (22, 26). The Ag-specific CD8" T cells are
thereby activated to massively expand in number, differentiate
into effector cells, and disseminate throughout the body (12,
33). Anywhere from 5 to 10 days after acute infection, the
number of Ag-specific T cells reaches a peak and then begins
to contract to stable memory levels (11, 12, 15, 19, 33, 37, 38).
The pattern of the CD8"-T-cell response to infection (expan-
sion in numbers followed by contraction to stable memory
levels) is very consistent within a number of acute infections of
mice, including lymphocytic choriomeningitis virus (LCMV),
Listeria monocytogenes, herpes simplex virus type 1, Plasmo-
dium yoelii, and influenza virus infections (1, 11, 12, 15, 19, 33,
37, 38). After contraction, the resulting number of memory
CD8" T cells generally represents 5 to 10% of the T-cell
numbers at the peak of expansion (1). This numerical relation-
ship between the magnitude of expansion and the number of
memory cells is important because the number of memory cells
determines the level of protection from subsequent infections
(2, 40). It is not yet known what regulates the onset of this
precisely controlled death of effector T cells.

More is known about the combination of factors that deter-
mine the magnitude of CD8"-T-cell expansion. These factors
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are thought to include the number of available naive Ag-spe-
cific precursors, the number of precursors that are recruited,
the number of divisions, the amount of antigen produced by
the organism, the level of Ag presentation by DC, the infec-
tious dose, and the duration of infection (4, 8, 18, 21, 30, 39, 48,
49, 53). A multitude of recent studies highlight the notion that
CD8"-T-cell expansion is largely regulated at a very early stage
of T-cell activation. For instance, only 2 to 2.5 h of antigenic
stimulation in vitro was required to initiate a series of divisions
in naive CD8" T cells, and 24 h of stimulation could support
differentiation of naive Ag-specific T cells into effector and
memory cells (23, 43, 51). In vivo, abbreviating the course of
bacterial infections with antibiotics had little influence upon
the pattern of a CD8"-T-cell response or the generation of
memory (4). For instance, when mice were infected with viru-
lent or attenuated (AactA) Listeria monocytogenes and treated
with antibiotics 24 h after infection, the magnitude of CD8"-
T-cell expansion was robust and decreased by only two- to
fivefold compared to mice that did not receive antibiotics (4,
13, 32). A similarly modest reduction in the magnitude of the
CD8"-T-cell response was found in mice that received an
abbreviated infection with herpes simplex virus type 1 (39).
Thus, Ag-dependent programming of T-cell expansion and
differentiation into effector and memory cells can occur in a
short period of time; however, full T-cell expansion appears to
require longer infection periods.

The data suggest that the programming model of CD8*-T-
cell expansion also applies to the contraction phase of the
CD8™"-T-cell response. Antibiotic treatment of mice 24 h after
infection with AactA L. monocytogenes resulted in timing and
magnitude of CD8*-T-cell contraction similar to those in mice
that received AactA L. monocytogenes without antibiotic treat-
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ment (4, 5). In addition, Ag-specific CD8" T cells in wild-type
mice chronically infected with LCMV clone 13 and perforin
knockout mice chronically infected with LCMV Armstrong
underwent a normal initial contraction phase (4, 31, 42, 46).
These experiments suggested that the timing of T-cell contrac-
tion could be separated from the timing of infection clearance
and Ag withdrawal. However, while AactA L. monocytogenes
yielded a CD8*-T-cell response that reproducibly peaked 7
days postinfection regardless of the dose or infection duration
(4, 5), multiple laboratories found that the CD8"-T-cell re-
sponse (to the same Ag) peaks between 8 and 9 days postin-
fection with 0.1 50% lethal dose (LDs,) of virulent L. mono-
cytogenes (10, 13, 24, 32, 37). One difference between virulent
and AactA L. monocytogenes infections is the time course of
infection (14, 16, 29, 34, 52). Thus, we hypothesized that these
differences in infection kinetics lead to differences in Ag pre-
sentation and the timing of CD8"-T-cell contraction. Experi-
mental support for this hypothesis could affect the T-cell pro-
gramming model by demonstrating a relationship between the
timing of Ag presentation and CD8"-T-cell contraction.

In this report, we demonstrate that virulent L. monocyto-
genes infection results in delayed peaks in the bacterial load
and Ag presentation compared to infection with AactA L.
monocytogenes. In turn, these differences are associated with a
prolonged transition between Ag-specific CD8*-T-cell expan-
sion and contraction after virulent L. monocytogenes infection
compared to AactA L. monocytogenes infection. We also dem-
onstrate that abbreviating virulent L. monocytogenes infection
with antibiotics on day 1 or 2 after infection decreases the
magnitude of the CD8"-T-cell response and shifts the onset of
T-cell contraction to an earlier time. However, antibiotic treat-
ment on day 3 has no measurable influence upon the magni-
tude and timing of the CD8"-T-cell response. Thus, on a
population basis, the onset of the CD8*-T-cell contraction
program is influenced by the peak of infection and Ag presen-
tation.

MATERIALS AND METHODS

Mice. The BALB/c mice (Thyl.2* H-2) were from the National Cancer
Institute (Frederick, MD). BALB/c Thyl.1" mice, provided by R. Dutton
(Trudeau Institute, Saranac Lake, NY), were maintained by brother-sister mat-
ing under specific-pathogen-free conditions. Pathogen-infected mice were
housed under the appropriate biosafety conditions. All mice were used at 6 to 16
weeks of age. L.9.6 mice, provided by E. Pamer (Memorial Sloan Kettering, New
York, NY), express a transgenic T-cell receptor (TCR) specific for the H-2K“-
resticted L. monocytogenes Ag p60,,7.555 (27).

Ab and peptides. The following monoclonal antibodies (Ab) were used: phy-
coerythrin-anti-gamma interferon (IFN-y) or allophycocyanin (APC)-anti-
IFN-y (clone XMG 1.2; eBioscience, San Diego, CA), fluorescein isothiocya-
nate—anti-CD8 or APC-anti-CD8 (clone 53-6.7; Pharmingen, San Jose, CA),
fluorescein isothiocyanate—anti-Thyl.2 or APC-anti-Thyl.2 (clone 53-2.1;
Pharmingen), phycoerythrin-anti-tumor necrosis factor alpha (TNF-a) (clone
MP6-XT22; Pharmingen), and anti-FcRII (clone 2.4G2). Synthetic peptides,
which represented the defined L. monocytogenes LLOg; g0 and p60,;7.555 H-2K%-
restricted epitopes, were synthesized at Bio-Synthesis Inc., Lewisville, Texas.

Bacterial infection of mice. The virulent L. monocytogenes strain 10403s (6)
(LDsg, ~1 X 10* organisms) and the attenuated L. monocytogenes strain DP-
L1942 (AactA; LDsg, ~1 X 107 organisms) (9) were resistant to streptomycin and
were grown, injected, and quantified as described previously (20, 41). The num-
bers of CFU per spleen were determined on various days after infection by
harvesting the spleen in RPMI 1640 supplemented with 10% fetal calf serum and
L-glutamine (RP10) without antibiotics. One milliliter of the dissociated spleen
was centrifuged for 10 min at 16 X 10% X g, the supernatant was discarded, the
pellet was resuspended in 200 pl 0.2% IGEPAL CA-630 (Sigma) and H,O, and
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serial dilutions were plated on streptomycin-3% trypticase soy broth plates. The
limit-of-detection scores were as indicated in the figures. In the indicated exper-
iments, 2 mg/ml ampicillin (Amp) (Na salt) was provided to the mice in their
drinking water on different days after infection. The mice were treated with
ampicillin for 2 to 3 days.

Quantification of Ag-specific CD8" T cells. The magnitude of the epitope-
specific CD8*-T-cell response was determined by peptide-stimulated intracellu-
lar-cytokine staining (ICS) for IFN-y as described previously (5). Synthetic pep-
tides were used at a final concentration of 200 nM. The percentages of IFN-y*
CDS8" T cells in unstimulated samples from each mouse were subtracted from
the peptide-stimulated value to determine the percentage of Ag-specific CD8" T
cells. The total number of epitope-specific CD8" T cells per spleen was calcu-
lated from the percentage of IFN-y* CD8* T cells, the percentage of CD8" T
cells in each sample, and the total number of cells per spleen.

CFSE labeling. Splenocytes or cytotoxic-T-lymphocyte (CTL) lines were
washed once in cold phosphate-buffered saline (PBS) and then resuspended at a
concentration of 5 X 10° cells/ml in 1.5 .M carboxyfluorescein diacetate succin-
imidyl diester (CFSE) or 0.5 pM CFSE in PBS for splenocytes and CTL lines,
respectively (45). The cells were incubated in a 37°C water bath for 10 min, and
then fetal calf serum was added to a final concentration of 10% to inactivate the
free CFSE. Splenocytes were washed three times with PBS and resuspended in
isotonic saline at the desired concentration for injection into animals. After
CFSE labeling, CTL lines were underlaid with 2 ml lympholyte M (Cedarlane
Laboratories Ltd., Hornby, Ontario, Canada) and centrifuged at 1,600 X g for 15
min, and then the cells at the interphase were harvested, washed three times in
RP5, and resuspended in RP10. Ninety-five percent of the recovered CSFE™
cells were CD8™.

DEAD assay. The direct ex vivo antigen detection (DEAD) assay was per-
formed with some modifications (4). The generation and maintenance of Ag-
specific CD8"-T-cell lines was as described previously (20). CFSE-labeled Ag-
specific CD8™ T cells (3 X10% day 5 or 6 after in vitro stimulation) were mixed
with 3 X 10° splenocytes obtained at various times after infection from L.
monocytogenes-infected mice. The cells were incubated for 6 h in the presence of
2 pl/ml GolgiPlug (Pharmingen) and 50 wg/ml a-interleukin 12 (IL-12) mono-
clonal antibody (C17.8). a-IL-12 monoclonal Ab was used to prevent cytokine-
mediated IFN-y production. CFSE-labeled cells were analyzed by intracellular
cytokine staining for IFN-y and TNF-a production. The results are reported as
the percentage of CFSE™ cells that produced cytokines. Cells from spleens were
measured in triplicate and averaged; these averages were used to determine the
group average and standard error of the mean. CD8" T cells incubated with
naive splenocytes in the presence or absence of various concentrations of syn-
thetic peptides served as positive and negative controls in the assay.

In vivo “functional” (DC) Ag presentation assay. Before or on various days
after infection, 1 X 10° CFSE (28)-labeled naive 1.9.6 (Thy1.2) cells (determined
by CD8a and Thyl.2 staining of whole L.9.6 splenocytes) were intravenously
transferred into naive and infected BALB/c Thy1.1* mice. The BALB/c Thyl.1"
mice were infected with 0.1 LDs, of L. monocytogenes strain 10403s or DP-
L1942. The spleens were harvested 2 days after transfer, and CFSE dilution of
donor TCR transgenic T cells was determined by flow cytometry. The percent-
ages of 9.6 cells that were CFSE low (daughter cells) are presented throughout
the figures. This number increases with higher levels of “functional” Ag display.

RESULTS

Kinetics of L. monocytogenes-specific CD8*-T-cell response
after virulent and Aact4 L. monocytogenes infection. In various
reports, the peak of CD8*-T-cell expansion in response to
virulent L. monocytogenes varies from day 8 to day 9 postin-
fection (10, 13, 24, 32, 37). In contrast, we find that after
infection with AactA L. monocytogenes, the CD8*-T-cell re-
sponse reproducibly peaks on day 7 (4). To determine if these
differences were the result of L. monocytogenes infection ki-
netics or simply due to laboratory-to-laboratory variability, we
first infected BALB/c mice, side by side, with ~0.1 to 0.2 LDs,,
of virulent or AactA L. monocytogenes organisms and followed
the LLOy, 9o and p60,,7.,5s Ag-specific CD8"-T-cell re-
sponses. We found that infection with either strain of L. mono-
cytogenes resulted in peak numbers of Ag-specific CD8" T cells
on days 6 and 7 after infection (Fig. 1A). On day 7, virulent L.
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monocytogenes infection resulted in 1.65 X 10° = 9.62 X 10*
Ag-specific cells, and AactA L. monocytogenes infection re-
sulted in 1.41 X 10° = 2.15 X 10° Ag-specific cells; represen-
tative fluorescence-activated cell sorter (FACS) analysis plots
are displayed in Fig. 1B. In mice infected with Aact4 L. mono-
cytogenes, there was a significant drop, 46.2% (P = 0.0161), in
Ag-specific CD8"-T-cell numbers on day 8 after infection (Fig.
1A). In contrast, after virulent L. monocytogenes infection, a
significant drop, 36.6% (P = 0.0336), from the day 7 peak
numbers did not occur until day 9 postinfection. Thus, virulent
L. monocytogenes infection resulted in a prolonged transition
between expansion and contraction in the Ag-specific CD8™-
T-cell response compared to AactA L. monocytogenes infec-
tion. This relationship is best demonstrated when the T-cell
responses to each L. monocytogenes strain are normalized to
day 7 levels of Ag-specific CD8" T cells (Fig. 1C). These
results demonstrate that after infection of mice with similar
relative LDss of AactA or virulent L. monocytogenes, the vari-
ations in the timing of CD8"-T-cell contraction depend upon
the L. monocytogenes strain and not laboratory-to-laboratory
variability.

Kinetics of virulent and Aactd L. monocytogenes infection.
To ascertain how the kinetics of the CD8"-T-cell response
relate to the kinetics of infection, bacterial numbers (CFU)
were determined in the spleens of mice infected with 0.1 to 0.2
LDs, of virulent and AactA L. monocytogenes organisms on the
indicated days after infection (Fig. 1D). At 12 hours postinfec-
tion, mice infected with 2.6 X 10° AactA L. monocytogenes
organisms had 100 times more viable bacteria in their spleens
than the mice infected with 1.2 X 10° virulent L. monocyto-
genes organisms. This early difference in infectious load was
likely the result of a >1,000-fold difference in infecting doses.
The timing of the infectious courses also differed. Splenic CFU
reached a peak at 12 h after infection with AactA L. monocy-
togenes, while virulent L. monocytogenes infection peaked be-
tween days 1.5 and 2.5 after infection. The number of AactA L.
monocytogenes organisms was at the limit of detection, 40
CFU, in the spleens of mice on day 3.5 after infection, whereas
virulent L. monocytogenes organisms were measurable in the
spleens of most mice until day 6.5 postinfection. These data are
consistent with previous studies that utilized each L. monocy-
togenes strain individually (4, 52). The results demonstrate that
infection with 0.1 to 0.2 LDy, of AactA L. monocytogenes or-
ganisms yields a large bolus of bacteria during the first hours of
infection with a relatively quick splenic clearance, while infec-
tion with 0.1 to 0.2 LDy, of virulent L. monocytogenes organ-
isms yields a delayed peak in bacterial load and delayed bac-
terial clearance.

Kinetics of total Ag presentation after infection with viru-
lent and AactA L. monocytogenes strains. Our finding, de-
scribed above, that the peaks of infection after Aact4 and
virulent L. monocytogenes infection occur on different days
suggests that there may be differences in the timing of Ag
presentation. Considering the notion that early events dictate
the magnitude and timing of the T-cell response, differences in
Ag presentation kinetics might explain the prolonged transi-
tion between Ag-specific CD8"-T-cell expansion and contrac-
tion found in mice infected with virulent L. monocytogenes.

We employed a DEAD assay as our first method of mea-
suring Ag presentation. In this assay, we utilized CD8"-T-cell
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lines specific for L. monocytogenes antigens as indicator cells
and an Escherichia coli B-galactosidase (B-Gal)-specific CD8™ -
T-cell line as a specificity control (4). In the presence of brefel-
din A, CFSE-labeled CD8"-T-cell lines are incubated with
splenocytes from infected mice or naive mice as a negative
control. The frequency of CFSE-labeled CD8™" T cells that are
stimulated to produce IFN-y and TNF-q, as detected by intra-
cellular cytokine staining, represent a direct ex vivo measure of
Ag display. The T-cell lines we used were previously activated
and did not require costimulation for activation; as a result, the
DEAD assay measures Ag presentation by any cell type that
expresses the cognate peptide major histocompatibility com-
plex (total Ag display). Subsequent to our first description of
this assay (4), under some conditions we found nonspecific
activation of CD8"-T-cell lines. Doubling the concentration of
brefeldin A, adding 50 pg/ml anti-IL-12 Ab, and abbreviating
the incubation period from 12 h to 6 h eliminated this back-
ground. We used these conditions in the current studies. Im-
portantly, the percentage of the indicated T cells that make
IFN-y and TNF-a increases with the concentration of cognate
Ag (Fig. 2A) and also increases with the number of peptide-
loaded splenocytes within the total splenocyte population (data
not shown), thus demonstrating that this assay is dose respon-
sive.

Mice were infected with ~0.5 LD, of AactA or virulent L.
monocytogenes, and then Ag levels for two well-characterized
L. monocytogenes Ags, LLOg; o9 (36) and p60,,-.,,5 (35), were
measured in the spleens at various times after infection. Naive
splenocytes were analyzed as a negative control. Spleens from
three mice per condition were each measured for Ag in trip-
licate. Representative assays are displayed in Fig. 2B. Total
LLOg,_ g9 and p60,,,.,,5 Ag levels reached a peak between days
0.5 and 1.5 after AactA L. monocytogenes infection, while Ag
levels peaked between days 1.5 and 2.5 after virulent L. mono-
cytogenes infection. The combined results of two experiments
are displayed in Fig. 2C. Infected splenocytes from virulent L.
monocytogenes- and AactA L. monocytogenes-infected mice
never activated the B-Gal-specific T-cell line above the re-
sponse to naive splenocytes, thus demonstrating that the
LLOy, 9o and p60,,,.,,5 results are Ag specific (Fig. 2C). Also,
the T-cell lines generated similar peptide dose responses on
each day, demonstrating that changes in sensitivity of the in-
dicator cells did not account for the observed changes in IFN-y
production (data not shown). These results demonstrate that,
similar to the infectious courses, AactA L. monocytogenes in-
fection yields a peak in total Ag presentation earlier than
virulent L. monocytogenes infection.

Kinetics of “functional” Ag presentation after virulent and
AactA L. monocytogenes infection. The DEAD assay utilizes a
T-cell population that can respond to cognate Ag without
costimulation. The major benefit of this approach is that it
provides a snapshot of total Ag levels as a result of the short
incubation period. However, while depletion of CD11c* cells
from the splenocyte population with magnetic beads signifi-
cantly decreased Ag levels (reference 13 and data not shown),
the DEAD assay is not a specific measure for Ag display on
activated dendritic cells; the most relevant antigen-presenting
cell for naive-T-cell activation (22). We therefore decided to
use a complementary in vivo method of measuring Ag display
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FIG. 1. The CD8"-T-cell response expansion/contraction transi-
tion is prolonged in virulent L. monocytogenes infection. BALB/c mice
were infected with 2.6 X 10° AactA L. monocytogenes organisms (Att.)
or 1.2 X 10® 10403s L. monocytogenes organisms (Vir.). (A) The total
numbers of LLOy;_go- plus p60,;7.,-5-specific CD8* splenocytes were
measured on the indicated days (d) after infection using ICS for IFN-y.
The first days of significant Ag-specific CD8"-T-cell decrease com-
pared to day 7 postinfection are marked with asterisks. *, P < 0.04; #x,
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that utilized naive TCR transgenic CD8" T cells as the re-
sponder population (32).

To assess “functional” Ag display, we infected BALB/c
Thyl.1 congenic mice with ~0.1 LD, of AactA4 or virulent L.
monocytogenes. We then transferred 1 X 10° naive CFSE-
labeled Thy1.2-positive p60,,,.,,5-specfic 1.9.6 TCR transgenic
CD8" T cells into infected and uninfected mice at different
times before and during infection (52). Jung et al. demon-
strated that CD8" TCR transgenic T cells absolutely require
CD11c™ cells (primarily DC) in order to divide in response to
L. monocytogenes infection (22). To increase the resolution of
“functional” Ag display after infection, CFSE dilution, as a
measure of cell division, was quantified in these cells 48 h after
transfer, as opposed to 4 days after transfer as used in the
initial description of this assay (52). The results are presented
as the percentage of transferred 1.9.6 cells that divided; there-
fore, high numbers represent high levels of “functional”
p60,,-.2,5 Ag presentation. Representative data are displayed
in Fig. 3A. We found maximal “functional” Ag display between
days 0.5 and 1.5 of transfer in AactA L. monocytogenes infec-
tion and between days 1.5 and 2.5 of transfer after virulent L.
monocytogenes infection (Fig. 3B). In virulent L. monocyto-
genes infection, Wong and Pamer found the highest stimula-
tion of 9.6 cells when transferred 1 day postinfection (52).
The simplest explanation for this discrepancy is that their assay
for “functional” Ag display was 4 days, while ours was a 2-day
assay. This meant that, in their assay, transgenic T cells trans-
ferred on day 1 experienced the complete peak of “functional”
Ag presentation, whereas transgenic T cells transferred on day
2 missed a period of peak “functional” Ag presentation and
therefore produced fewer transgenic T cells that had divided.
The shorter transfer period in our assay allowed for a more
detailed analysis of the timing of “functional” Ag display. Our
finding of a delayed peak in “functional” Ag display after
virulent L. monocytogenes infection, compared to the peak in
AactA L. monocytogenes-infected mice, was similar to the
DEAD assay results and directly correlated with the infectious
course of each L. monocytogenes strain. These data, combined
with the notion that early events dictate the T-cell response,
suggested that the comparatively delayed peak in Ag presen-
tation in virulent-L. monocytogenes-infected mice induces the
prolonged transition between expansion and contraction in the
Ag-specific CD8*-T-cell response to virulent L. monocyto-
genes.

Antibiotic treatment on the third day of infection has no
measurable influence upon the timing of the Ag-specific
CD8™-T-cell expansion/contraction transition. As noted

P = 0.02. (B) Representative CD8" gated FACS plots from represen-
tative mice 7 days after infection. The upper and lower numbers are
the percentages of CD8" cells that were IFN-y positive in peptide-
incubated or non-peptide-incubated splenocytes, respectively. (C) The
total number of Ag-specific CD8" T cells per spleen was normalized to
the maximum response to each L. monocytogenes strain. (D) Portions
of spleens from infected mice were plated on the indicated days after
infection. LOD, limit of detection; the numbers in parentheses are the
fractions of mice with measurable infection. Days with significant dif-
ference between Att. and Vir. infections: *, P = 0.01; #*, P = 0.001.
The data shown are means * standard deviations of three mice per
group and are representative of four or more experiments.
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infected with 9.2 X 10° AactA L. monocytogenes organisms (Att.) or 8.8 X 10? 10403s L. monocytogenes organisms (Vir.). (B) Representative FACS
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infection. The T-cell line was CFSE positive, and the numbers represent the percentages of CFSE-positive cells that were IFN-y positive.
(C) Composite DEAD assay results of two experiments using L. monocytogenes-specific T-cell lines and a negative-control, B-Gal-specific
CD8*-T-cell line. The data shown are means * standard errors of the means for six mice per group.

above, there are significant differences in the courses of infec-
tion with either AactA or virulent L. monocytogenes. The peak
of infection with AactA L. monocytogenes is between 0.5 and
1.5 days after infection, while the peak of infection with virulent

L. monocytogenes is between 1.5 and 2.5 days after infection (Fig.
1D). To determine if the prolonged transition between expan-
sion and contraction after virulent L. monocytogenes infection
was the result of the delayed peak in infection, we measured
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FIG. 3. Invivo “functional” Ag presentation after Aact4 and virulent L. monocytogenes infection. 1.9.6 cells (1 X 10°) were transferred into BALB/c
Thy1.1 mice on the indicated days (d) after infection or no infection with 1.1 X 10° AactA (Att.) or 1.4 X 10° 10403s (Vir.) organisms. Spleens were
harvested 48 h after transfer, and the Thy1.2" 1.9.6 cells were analyzed for CFSE dilution. (A) Representative histograms of 1.9.6 cells harvested from
individual mice from uninfected (Un.) or infected mice. The numbers are the percentages of 1.9.6 cells that divided. (B) Average percentages of L9.6 cells
that divided. The data shown are means * standard deviations for three mice per group and are representative of two experiments.
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FIG. 4. Three days of infection are sufficient to shape the Ag-
specific CD8*-T-cell response. BALB/c mice were infected with 1.6 X
10° 10403s organisms (Vir.), and groups of mice were given ampicillin
on different days (d) after infection. (A) Spleens from infected mice
were plated 1 day after the initiation of Amp treatment, and CFU/
spleen were determined. (B) Total numbers of LLOg, - and
P60,17.,5-specific CD8" T cells per spleen on the indicated days after
infection, determined by ICS for IFN-y. The data shown are means =
standard deviations for three mice per group and are representative of
two experiments.

the Ag-specific CD8"-T-cell response to virulent L. monocy-
togenes infection with or without antibiotic treatment on dif-
ferent days after infection. Wong and Pamer demonstrated
that 24 h of antibiotic treatment substantially decreased “func-
tional” Ag display in virulent-L. monocytogenes-infected mice
(52).

We infected BALB/c mice with 0.1 LDy, of virulent L.
monocytogenes organisms. These mice were then split into four
groups: one group did not receive antibiotic treatment; the
others received an initial dose of 2 mg/ml Amp in their drink-
ing water on day 1, 2, or 3 after infection. Analysis of CFU in
the spleens 1 day after treatment revealed that Amp treatment
was effective at limiting the infection on each of the days of
treatment (Fig. 4A). Measurement of the Ag-specific CD8™-
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T-cell response demonstrated that Amp treatment on days 1
and 2 postinfection shifted the onset of contraction to days 7
and 8 from day 9 (Fig. 4B and C). Also, the peak magnitudes
of Ag-specific CD8"-T-cell numbers were diminished from
1.20 X 10° + 2.33 X 10° to 3.71 X 10° * 8.63 X 10* and 5.33
X 10° = 2.53 X 10° after Amp treatments on days 1 and 2 after
infection, respectively (Fig. 4B). In contrast, Amp treatment
on day 3 after infection had no discernible effect upon the
magnitude of the response or the timing of the transition
between expansion and contraction. These results demonstrate
that at least 3 days of unmanipulated infection in BALB/c mice
are required to induce a complete CD8"-T-cell response to 0.1
LDy, of virulent L. monocytogenes organisms. Also, these re-
sults reveal that earlier peaks in bacterial numbers result in
Ag-specific CD8"-T-cell contraction at an earlier time.

DISCUSSION

In the current study, we utilized a comparison between
AactA and virulent L. monocytogenes infections of BALB/c
mice to investigate the relationships between the course of
infection, Ag presentation, and the timing of Ag-specific
CD8™"-T-cell contraction. Prior to this study, there were seem-
ingly conflicting data concerning the relationships between the
timing of infection and the timing of the CD8*-T-cell response
to L. monocytogenes. In the context of AactA L. monocytogenes
infection, the magnitude of infection and the length of Ag
display had little effect upon the timing of CD8"-T-cell con-
traction (4). However, in virulent L. monocytogenes infection,
the infection was prolonged and the peak of the CD8™-T-cell
response was delayed compared to reports of attenuated L.
monocytogenes infection (4, 10, 14, 16, 29, 34, 52). One poten-
tial explanation for this discrepancy was that the timing of the
peak of infection had more influence upon the onset of T-cell
contraction than the total length of Ag display. Indeed, chang-
ing the dose of AactA L. monocytogenes or giving mice antibi-
otics 1 day after AactA L. monocytogenes infection had no
influence upon the timing of the peak of infection (4). In
contrast, we found that altering the peak of virulent L. mono-
cytogenes infection with antibiotic treatment on day 1 or 2 after
infection resulted in an earlier onset of CD8"-T-cell contrac-
tion. In addition, antibiotic treatment after the peak of infec-
tion, day 3, had no discernible effect upon the magnitude or
timing of the CD8"-T-cell response. These results demon-
strate that it is not the length of initial infection but the timing
of the peak of infection and Ag display that determines the
onset of CD8"-T-cell contraction.

Similar results were found after L. monocytogenes infection
of C57BL/6 mice. Antibiotic treatment before the peak of
infection with a virulent recombinant L. monocytogenes strain
that expressed ovalbumin (OVA), recombinant L. monocyto-
genes-OVA, resulted in an earlier OVA-specific CD8"-T-cell
peak (13). These results are in apparent conflict with a recent
report that antibiotic treatment 24 h after virulent recombinant
L. monocytogenes-OVA infection of C57BL/6 mice had no
influence on CD8"-T-cell expansion but decreased the gener-
ation of memory cells, particularly in tissues (50). However,
these conclusions were based upon analysis of CD8"-T-cell
numbers on days 7 and 9 after infections, whereas Corbin and
Harty demonstrated that the peak of the T-cell response to
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recombinant L. monocytogenes-OVA in C57BL/6 mice is on
day 8 after infection (13). In the present study, we would have
concluded that antibiotic treatment decreases the capacity to
create memory cells in response to virulent L. monocytogenes if
we had confined our analyses of T-cell expansion to day 6, a
period of similar expansion levels, and a later date when Ag-
specific CD8*-T-cell numbers contracted in all groups. While
laboratory-to-laboratory variability could also account for the
differences, the data underscore how daily analysis may be
required to fully appreciate the transition between expansion
and contraction in the T-cell response.

These experiments are not able to directly determine if the
timing of the T-cell response is related to the timing of the
peak in Ag presentation or the peak of inflammation, because
antibiotic treatment likely decreases both. However, several
laboratories have established that inflammation alone has little
effect upon the timing of Ag-specfic CD8*-T-cell contraction
(10, 18). Badovinac et al. demonstrated that inflammation was
necessary during CD8"-T-cell activation for T-cell contraction
to occur, but these studies provided no evidence that inflam-
mation affected the timing of CD8"-T-cell contraction (3).
Hamilton and Harty immunized mice with peptide-coated DC,
with or without infection with virulent L. monocytogenes that
expressed or did not express the tested Ag (18). These exper-
iments demonstrated that prolonging the inflammation in the
absence of the test antigen had no influence upon the onset of
CD8"-T-cell contraction after DC-peptide immunization,
whereas infection of DC-peptide-immunized mice with viru-
lent L. monocytogenes that expressed the peptide resulted in a
prolonged peak in test peptide-specific CD8" T cells. These
experiments demonstrated that prolonging inflammation dur-
ing the first 3 to 4 days of immunization had little influence
upon the timing of the CD8*-T-cell response. Similarly, Busch
et al. found that superinfection of L. monocytogenes-infected
mice with a high-dose Ag-expressing L. monocytogenes pro-
longed the expansion phase of Ag-specific CD8" T cells com-
pared to superinfection with L. monocytogenes that lacked the
Ag (10). Therefore, while inflammation is required for CD8" -
T-cell contraction, inflammation alone, early and late in the
CD8™"-T-cell response, does not appear to influence the timing
of CD8"-T-cell contraction. In contrast, the timing of CD8*-
T-cell contraction can be affected by the timing of Ag display.

Perhaps the most interesting finding in the present study is
that a drop in total and “functional” Ag presentation is repro-
ducibly followed ~5 days later with an ~40 to 60% drop in the
number of Ag-specific CD8" T cells. For example, after AactA
L. monocytogenes infection, “functional” and total Ag displays
decrease significantly between days 1.5 and 2.5 after infection.
This is followed ~5 days later by an ~50% drop in the number
of Ag-specific CD8™" T cells, between days 7 and 8 after infec-
tion. After infection with virulent L. monocytogenes, total and
“functional” Ag displays decrease between days 2.5 and 3.5
after infection, again followed by an ~40% decrease in num-
bers of Ag-specific CD8" T cells between days 8 and 9 after
infection. Also, when mice are given antibiotics on day 2 after
virulent L. monocytogenes infection, there is a significant drop
in infection by day 3, and this is followed by an ~50% decrease
in numbers of Ag-specific CD8™" T cells between day 7 and day
8, again ~5 days after the decrease in infection.

This 5-day relationship between the drop in “functional” Ag
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display and the initiation of the contraction phase was also
found in malaria infection of mice. Hafalla et al. demonstrated
that the peak of “functional” Ag presentation after attenuated
P. yoelii infection is between 0 and 8 h after infection, followed
by a drop in “functional” Ag presentation by 24 h after infec-
tion (17). Sano et al. showed that, under similar conditions, the
peak of the TCR transgenic CD8*-T-cell response to attenu-
ated P. yoelii infection, on day 5, is followed by an ~50%
decrease in numbers of TCR transgenic CD8" T cells on day
6, ~5 days after the drop in “functional” Ag presentation (38).
Together, these data suggest that the timing of Ag presentation
by DC is a major determinant of the shape of the CD8"-T-cell
response curve and that CD8™ T cells likely contain an internal
timing mechanism that initiates the contraction program ~5
days after their last interaction with cognate Ag-laden DC.

Virulent and AactA L. monocytogenes infections progress
with different kinetics and different mechanisms. Virulent L.
monocytogenes organisms spread from cell to cell without ac-
cess to the extracellular space, while Aact4 L. monocytogenes
infection extends by growing within cells until the host cell
bursts, exposing the now extracellular L. monocytogenes to
neighboring cells (9, 14, 16, 25, 44). It is possible that these
different mechanisms of bacterial spread lead to Ag presenta-
tion on different DC subsets or differential activation of DC,
leading to the divergent timing of CD8"-T-cell contraction in
these infections. However, we do not favor this hypothesis
because differences in the timing of virulent L. monocytogenes
infection (antibiotic treatment) changed both the timing and
magnitude of CD8"-T-cell contraction.

A number of possible mechanisms exist for how the peak of
acute infection might influence the timing of the peak in the
CD8"-T-cell response. One possibility is that the peak of in-
fection, which is coordinate with the peak of “functional” Ag
display, is the period when the most naive Ag-specific CD8* T
cells are recruited to respond to the infection. In this scenario,
T cells are programmed to undergo a fixed number of divisions
after stimulation, and the peak of the T-cell response is the
result of those T cells that are activated at the peak of “func-
tional” Ag display reaching their final division. Another possi-
bility is that Ag presentation on DC continues to influence the
division “program” of activated T cells, perhaps through up-
regulation of antiapopotic molecules through interactions with
CD28, OX40L, 4-1BBL, and/or CD70 (30). Here, the peak of
“functional” Ag display is the period when the highest percent-
age of activated T cells can interact one or more times with Ag
in the context of DC. After the peak of “functional” Ag dis-
play, there is limited influence upon CD8"-T-cell division and
the population of Ag-specific CD8" T cells peaks ~5 days after
their last interaction with Ag in the context of DC. Of course,
it is possible for some combination of these mechanisms to
contribute to the T-cell response.

It has not escaped us that CD8"-T-cell contraction was
observed in the presence of high titers of virus after over-
whelming infections with chronic viruses (e.g., LCMV clone
13) (47). At first, this observation suggests that the timing of
Ag withdrawal might not be related to the timing of CD8"-T-
cell contraction. However, LCMYV clone 13 infects and kills DC
within 7 days of infection (7). Therefore, it is possible that the
peak of “functional” Ag display determines the timing of
CD8"-T-cell contraction, even under these conditions of
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chronic Ag display on non-dendritic cells. Another possible
explanation for CD8"-T-cell contraction in the presence of
chronic Ag display is that all of the Ag-specific CD8"-T-cell
precursors are recruited into the response within the first 3 to
4 days of infection and the recruited T cells undergo a fixed
number of divisions until their contraction in numbers. We are
investigating these possibilities.

In summary, our results demonstrate that the peak of L.
monocytogenes infection and “functional” Ag display deter-
mines the onset of CD8"-T-cell contraction. These results
provide additional support for the notion that there is a period
of Ag-dependent programming of the CD8"-T-cell response,
followed by antigen-independent expansion and contraction of
Ag-specific CD8"-T-cell numbers. We also found that a drop
in “functional” Ag display is reproducibly followed, ~5 days
later, with contraction in CD8"-T-cell numbers. This relation-
ship suggests that, while the length of Ag display is not imme-
diately related to the timing of CD8"-T-cell contraction, a
drop in “functional” Ag display initiates an internal 5-day clock
for contraction of the Ag-specific CD8*-T-cell response.
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